Introduction {#s1}
============

Fruit set is a critical process determining yield potential of many crops. Most studies in fruit biology, however, have focused on mid-to-late stages of development, especially in relation to fruit expansion ([@CIT0006]), sugar accumulation ([@CIT0004]) and ripening ([@CIT0003]). Only a limited number of studies have explored the molecular regulation of fruit set, characterized by the transition from quiescent ovaries to rapidly growing fruitlets, the earliest stage of fruit development ([@CIT0068]; [@CIT0070]).

Cell wall invertase (CWIN) hydrolyses sucrose (Suc) to glucose (Glc) and fructose (Fru) in the apoplasm and has been shown to play important roles in the development of sink organs, including fruit and seed ([@CIT0055]; [@CIT0071]). A classic example is from the *miniature 1* mutant in maize, which exhibits a miniature seed phenotype due to a mutation in the *Mn1* gene encoding a CWIN, INCW2, leading to reduced CWIN activity and cell division ([@CIT0009]). In rice, *GIF1*, encoding a CWIN, is a key regulator of grain filling. Overexpressing *GIF1*, driven by its native promoter, resulted in larger and heavier grains in the transgenic line ([@CIT0069]). Silencing of a CWIN gene, *Lin5*, in tomato led to fruit abortion ([@CIT0077]), while elevated CWIN activity promoted fruit and seed development ([@CIT0025]; [@CIT0034]). The hexoses produced from CWIN-mediated hydrolysis of Suc unloaded to the ovary/fruitlet apoplasm could function both as signalling molecules to regulate development and as an energy source and building blocks for metabolism and growth. [@CIT0055] proposed a model of sugar-mediated seed and fruit seed set, in which a Glc signal, produced by CWIN, is hypothesized to promote cell division and to suppress the programmed cell death pathway for successful fruit set. However, it remains unknown which molecular pathways underlie CWIN-mediated fruit set.

We aimed to identify which genes and molecular pathways are responsive to elevated CWIN activity during tomato fruit set, focusing on the ovary-to-fruit transition period of 2 d before anthesis (dba) ovaries to 2 d after anthesis (daa) fruitlets. To this end, *LIN5* and *SlINVINH1* are the only CWIN and CWIN inhibitor genes, respectively, expressed in tomato ovaries and fruits ([@CIT0025]; [@CIT0049]). Silencing *SlINVINH1* elevated CWIN activity by \~ 35% in 2 dba ovaries and 2 daa fruitlets ([@CIT0034]). Unlike some ectopic expression studies, where misexpression of an introduced foreign gene often causes pleiotropic and detrimental effects on growth and development, no foreign CWIN genes are introduced in this case and the elevation of CWIN activity was derived entirely from the endogenous CWIN enzyme ([@CIT0025]). This provides a valuable opportunity to assess the role of the native CWIN in tomato fruit set without potential complications from misexpression of foreign CWIN genes.

We identified possible molecular pathways responsive to elevated CWIN activity by using transcriptomic and metabolomic approaches. The analyses revealed a number of novel findings including the following: (i) ovaries were much more responsive to elevated CWIN activity as compared with fruitlets, and (ii) elevated CWIN activity enhanced the expression of genes involved in pathogen resistance, ethylene synthesis, cell cycle and cell wall synthesis/remodelling, but reduced the expression of genes associated with photosynthesis and protein degradation as well as those encoding some receptor like kinases (RLKs). Overall, our data provide important insights into the molecular pathways by which CWIN regulates fruit set.

Materials and methods {#s2}
=====================

Plant material {#s3}
--------------

Transgenic tomato plants (*Solanum lycopersicum* XF-2) were used in which CWIN activity was elevated by RNAi silencing of its inhibitor gene, *SlINVINH1* ([@CIT0025]). The transgenic and WT plants were grown in a glasshouse under natural light, with day and night temperatures of 25 and 18 °C for 14 and 10 h, respectively. Plants were raised in 25-cm diameter (8 litres) pots filled with potting mix (1 part coarse sand, 1 part perlite and 1 part coir-peat), with one plant per pot. Standard Osmocote™/Osmocote high (K) potassium™ 1:1 slow release fertilizer (Scotts) was applied at a rate of 20 g per pot, supplemented with a weekly liquid fertilizer regime of Jurox Wuxal Liquid Foliar Nutrient Fertilizer™ at a diluted concentration of 4 ml l^−1^. Pots were maintained at field capacity through being watered twice a day, each of 3 min duration, by an automated drip irrigation system.

Tomato fruit age was determined by tagging flowers on the day of anthesis. To ensure synchronous pollination, each flower of interest was manually pollinated using a battery-powered vibrator at 10:00--11:00 h on the day of anthesis. This technique has proven to be highly effective in releasing sufficient pollen grains for synchronous pollination and fruit set (e.g. [@CIT0049]; [@CIT0034]). Ovaries and fruitlets at 2 dba and 2 daa, respectively, were harvested and frozen in liquid nitrogen immediately and then stored at −80 °C until use.

RNA isolation and Illumina sequencing {#s4}
-------------------------------------

Total RNA was extracted from 2 dba ovaries and 2 daa fruitlets of WT and *SlINVINH1*-RNAi plants using Qiagen RNA Plant Mini Kits. Genomic DNA was removed by using DNase (Promega). A 5 μg subsample of total RNA from each of 12 RNA extracts (2 stages×2 genotypes×3 biological replicates) were sent to the Australia Genome Research Facility Ltd (AGRF) in Melbourne, Australia. The Illumina Hiseq-2000 platform was used to produce 100 bp single-end runs.

Total RNA quality was determined using an Agilent 2100 Bioanalyzer and quality of the sequenced raw reads were assessed by FastQC (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>).

RNA-seq data analysis {#s5}
---------------------

The raw reads were screened for the presence of any adaptor/overrepresented sequences and ambiguous characters and clipped where required. TopHat 2 (version 2.0.9), which employed bowtie2 (version 2.1.0.0) and Samtools (version 0.1.17.0), was used to align RNA-Seq reads to the tomato genome reference (ITAG release 2.3, ftp://ftp.solgenomics.net/tomato_genome/annotation/ITAG2.3_release/), with the option 'ITAG2.3_gene_models.gff3' being provided to supply TopHat with a set of gene model annotations of tomato. HTSeq (version 0.5.4p2) was then used to quantify the mRNA levels by generating the raw count data for each sample. Based on the raw count data, edgeR (edgeR version 3.2.4, Bioconductor version 2.12, R version 3.0.0) was adopted to perform the differential expression analysis. We conducted this analysis for four different categories: (i) 'WT fruitlets' *vs* 'WT ovaries'; (ii) '*SlINVINH1*-RNAi fruitlets' *vs* '*SlINVINH1*-RNAi ovaries'; (iii) '*SlINVINH1*-RNAi ovaries' *vs* 'WT ovaries'; and (iv) '*SlINVINH1*-RNAi fruitlets' *vs* 'WT fruitlets'. Differentially expressed genes (DEGs) in each category were further compared to identify the overlapped and category-specific gene sets using custom PERL scripts. DEGs were defined by satisfying the following criteria: (i) reads per kilobase of transcript per million mapped reads (RPKM) is greater than 0.45 ([@CIT0078]); (ii) false discovery rate (FDR) \<0.05; and (iii) log~2~FC is greater than 0.5 or less than −0.5 ([@CIT0070]). MAPMAN ([@CIT0065]) was used to identify functional categories of the DEGs.

Metabolome analysis {#s6}
-------------------

Samples of ovaries (2 dba) and fruitlets (2 daa) were freeze-dried and a 5 g (dry weight) subsample for each of the 12 samples (2 stages×2 genotypes×3 biological replicates) was sent to Max-Planck-Institut für Molekulare Pflanzenphysiologie, Potsdam-Golm, Germany for primary metabolite profiling analysis. Metabolite extraction, sample derivatization, standard addition and sample injection for gas chromatography--mass spectrometry (GC-MS) analyses were performed as described by [@CIT0048]. The mass spectra were cross-referenced with those in the Golm Metabolome Database (<http://gmd.mpimp-golm.mpg.de/>) ([@CIT0027]).

Principal component analyses {#s7}
----------------------------

CLC Genomics Workbench (9.0) was used for principal component analysis (PCA) of RNA-seq and metabolomic data sets.

qRT-PCR {#s8}
-------

RNA extraction and qRT-PCR were carried out as described previously ([@CIT0049]). *SlCAC* and *SlTIP41* were used as reference genes as the expression levels of these genes were most stable from the ovary-to-fruitlet stages in both RNAi and WT plants. Primers used for qRT-PCR were list in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} at *JXB* online.

Results {#s9}
=======

Identification of differentially expressed genes during fruit set in *SlINVINH1*-RNAi and WT plants {#s10}
---------------------------------------------------------------------------------------------------

As the first step, we confirmed that the CWIN activity was elevated in ovaries and fruitlets of the *SlINVINH1*-RNAi plant. Enzyme assays revealed that CWIN activity was indeed significantly increased in the 2 dba ovaries and 2 daa fruitlets compared with that in WT plants (see [Supplementary Fig. S1](#sup5){ref-type="supplementary-material"}), consistent with our recent report ([@CIT0034]). Importantly, the activities of vacuolar invertase (VIN) and cytosolic invertase (CIN) were not affected in the transgenic plants ([Supplementary Fig. S1](#sup5){ref-type="supplementary-material"}), demonstrating the specific inhibitory effect of SlINVINH1 against CWIN as shown previously ([@CIT0025]). Following this validation, we conducted RNAseq analyses to discover which genes or gene networks responded to the elevated CWIN activity in the RNAi plants.

Among the total 34 727 genes in the tomato genome, our RNAseq analysis indicated that about 58% of them were expressed in the 2 dba ovaries and 2 daa fruitlets with little difference between the two developmental stages or between RNAi and WT plants. We then identified differentially expressed genes (DEGs) at fruit set of WT and *SlINVINH1*-RNA interference (RNAi) plants. In total, 5183 and 3262 DEGs were detected in WT and *SlINVINH1*-RNAi plants, respectively, during the ovary-to-fruit transition ([Fig. 1A](#F1){ref-type="fig"}, [Supplementary Tables S2 and S3](#sup2 sup3){ref-type="supplementary-material"}). These represent 15.0% and 9.4% of the genes in the tomato genome, respectively. It is intriguing that DEG numbers were much less in *SlINVINH1*-RNAi compared with WT plants during fruit set ([Fig. 1A](#F1){ref-type="fig"}). The number of DEGs (5183) detected during WT fruit set was four times higher than those reported by [@CIT0070] who identified 1298 DEGs during tomato fruit set from 2 dba to 4 daa. These authors used a microarray approach that does not provide genome-wide coverage. The RNA sequencing applied in our study overcame this obstacle, leading to the detection of many more expressed genes.

![Differentially expressed genes during fruit set in wild type (WT) and *SlINVINH1*-RNAi tomato. (A) Numbers of differentially expressed genes during WT and *SlINVINH1*-RNAi fruit set (2 daa fruitlet *vs* 2 dba ovary). The upper part of each bar represents up-regulated and the lower part down-regulated genes. Total numbers of differentially expressed genes are listed on top of the bar for each group. Numbers of down- or up-regulated expressed genes are listed at the bottom of the figure. (B) A Venn diagram showing differentially expressed genes that are unique to fruit set of *SlINVINH1*-RNAi plants. There were 2765 (overlapped area) shared by both genotypes during fruit set and 497 differentially expressed genes were specifically responsive to elevated CWIN activity in the *SlINVINH1*-RNAi plants. (This figure is available in colour at *JXB* online.)](erx21901){#F1}

Functional categorization, using MAPMAN, of the DEGs (5183) in the WT samples revealed that major groups exhibiting changes during fruit set belong to categories for protein (BIN 29), RNA (BIN 27), and transport (BIN 34). The protein (BIN 29) category consisted of 14.7% of the total DEGs during WT fruit set ([Table 1](#T1){ref-type="table"}). The protein category (BIN 29) contains protein synthesis (BIN 29.2), protein post-translational modification (BIN 29.4), and protein degradation (BIN 29.5) ([@CIT0065]). RNA (BIN 27) was the second major group, containing 12.9% of the total DEGs in WT fruit set ([Table 1](#T1){ref-type="table"}) and can be subdivided into RNA processing (BIN 27.1), RNA translation (BIN 27.2), regulation of transcription (transcription factor, BIN 27.3), and RNA binding (BIN 27.4) ([@CIT0065]). A similar grouping of functional categories to WT fruit set was found during fruit set of the *SlINVINH1*-RNAi line, but with a lower number of DEGs in each of these functional groups. The top two functional groups were protein (BIN 29) and RNA (BIN 27). The ranking of other functional groups was slightly altered in the *SlINVINH1*-RNAi compared with WT fruit set ([Table 1](#T1){ref-type="table"}). The large number of genes involved in protein (BIN 29) and RNA (BIN 27) in both genotypes indicates that fruit set is a process undergoing rapid cell development with intensive protein and RNA synthesis, regulation and turnover.

###### 

*Functional classification of differentially expressed genes during fruit set in wild type (WT) and* SlINVINH1*-RNAi plants (CWIN activity up-regulated*)

Differentially expressed genes were ascribed to 36 bins in MAPMAN (Thimm *et al.*, 2004). Only the major functional groups are listed. The order was made based on the number of differentially expressed genes in a given functional category (BIN), excluding the categories of 'Others' and 'Unknown'.

  Functional category                     WT fruit set (fruitlet/ovary)   *SlINVINH1*-RNAi fruit set (fruitlet/ovary)                       
  --------------------------------------- ------------------------------- --------------------------------------------- ----- ------ ------ -----
  Protein (BIN 29)                        761                             14.7                                          1     506    15.5   1
  RNA (BIN 27)                            671                             12.9                                          2     394    12.1   2
  Transport (BIN 34)                      297                             5.7                                           3     187    5.7    3
  Signalling (BIN 30)                     270                             5.2                                           4     149    4.6    5
  Hormone metabolism (BIN 17)             179                             3.8                                           5     137    4.7    4
  Cell (BIN 31)                           190                             3.7                                           6     87     2.7    9
  Stress (BIN 20)                         186                             3.6                                           7     138    4.2    6
  Cell wall (BIN 10)                      146                             2.8                                           8     101    3.1    8
  Development (BIN 33)                    144                             2.8                                           9     115    3.5    7
  Lipid development (BIN 11)              131                             2.5                                           10    81     2.5    11
  Secondary metabolism (BIN 16)           114                             2.2                                           11    84     2.6    10
  DNA (BIN 28)                            102                             2.0                                           12    46     1.4    13
  Amino acid metabolism (BIN 13)          70                              1.4                                           13    45     1.4    14
  Photosynthesis (BIN 1)                  52                              1.0                                           14    49     1.5    12
  Sucrose and starch metabolism (BIN 2)   23                              0.4                                           15    14     0.4    15
  Others and Unknown                      1808                            34.9                                          ---   1136   34.8   ---
  Total                                   5183                                                                                3262          

Photosynthesis-related genes were predominately down-regulated during fruit set among the 497 DEGs unique to elevation of CWIN activity {#s11}
---------------------------------------------------------------------------------------------------------------------------------------

To unravel the candidate genes that are regulated by the elevation of CWIN activity during fruit set process, we prepared a Venn diagram to show how many DEGs are unique to fruit set of S*lINVINH1*-RNAi plants. This analysis revealed that the majority of DEGs (2765) were common to both genotypes during fruit set, with only 497 DEGs uniquely responsive to elevated CWIN activity ([Fig. 1B](#F1){ref-type="fig"} and [Supplementary Table S4](#sup4){ref-type="supplementary-material"}).

Of particular note, an interesting expression pattern of photosynthesis-related genes was observed among the 497 DEGs. With the exception for the gene encoding rubisco activase, which was up-regulated, expression levels of the other 13 of 14 DEGs encoding photosynthesis proteins were decreased in 2 daa fruitlets compared with 2 dba ovaries of *SlINVINH1*-RNAi plants ([Table 2](#T2){ref-type="table"}). These photosynthesis-related genes encode proteins functioning in different photosynthetic processes. Among them, nine transcripts encode proteins for the light reaction, one for photorespiration and four for the Calvin--Benson cycle. For those responsible for the light reactions, three transcripts encode chlorophyll *a*/*b* binding proteins ([Table 2](#T2){ref-type="table"}).

###### 

*Elevation of CWIN activity in the* SlINVINH1*-RNAi plants suppressed the expression of photosynthesis-related genes during fruit set compared with that in the wild type tomato plants*

  Gene locus            Annotation                            Log ~2~ FC
  --------------------- ------------------------------------- ------------
  Light reaction                                              
   solyc08g067320.1.1   Chlorophyll *a*/*b* binding protein   −1.34
   solyc05g056050.2.1   Chlorophyll *a*/*b* binding protein   −1.20
   solyc08g067330.1.1   Chlorophyll *a*/*b* binding protein   −1.30
   solyc02g065400.2.1   Oxygen-evolving enhancer protein      −0.55
   solyc10g005050.2.1   Thylakoid membrane phosphorprotein    −0.77
   solyc12g044280.1.1   Photosystem I reaction, subunit VI    −1.59
   solyc10g075160.1.1   Ferredoxin I                          −0.88
   solyc05g026550.2.1   NADH dehydrogenase                    −1.01
   solyc08g080050.2.1   PGR5-like protein 1A                  −0.59
  Photorespiration                                            
   solyc06g061070.2.1   Glycine cleavage system H             −0.66
  Calvin cycle                                                
   solyc06g009630.1.1   CP12                                  −0.52
   solyc10g018300.1.1   Transketolase 1                       −0.82
   solyc03g117850.2.1   Rubisco activase                      −0.54
   solyc09g011080.2.1   Rubisco activase 1                    0.79

Consistent with the repression of a large number of photosynthesis genes, developing fruits of the transgenic plants were paler green at 10 and 15 daa compared with WT fruits ([Fig. 2](#F2){ref-type="fig"}) although such a phenotype was not apparent for 2 dba ovaries or 2 daa fruitlets.

![Tomato fruits of *SlINVINH1*-RNAi (with up-regulated CWIN activity) were a lighter green colour compared with those of wild type (WT) fruits at 10 and 15 d after anthesis (daa). Representative images are presented. Scale bar: 1 cm.](erx21902){#F2}

Ovaries were transcriptionally much more sensitive to elevated CWIN activity than fruitlets {#s12}
-------------------------------------------------------------------------------------------

We then compared the impact of elevated CWIN activity on the transcriptomes of 2 dba ovaries and 2 daa fruitlets between WT and *SlINVINH1*-RNAi plants. The response of ovaries and fruitlets to elevated CWIN activity was remarkably different. There were only seven DEGs found in 2 daa fruitlets between the two genotypes. However, surprisingly there were 319 DEGs observed in 2 dba ovaries between the two genotypes ([Fig. 3](#F3){ref-type="fig"}). These data show that 2 dba ovaries were much more responsive to elevated CWIN activity than 2 daa fruitlets at the gene transcript level.

![Differentially expressed genes in 2 daa ovaries and 2 daa fruitlets of *SlINVINH1*-RNAi (CWIN activity up-regulated) compared with those of wild type (WT) plants. The upper part of the bars represents up-regulated and the lower part down-regulated expressed genes. Total number of differentially expressed genes is listed above the bar for each group. Numbers of down- or up-regulated expressed genes are listed at the bottom of the figure. (This figure is available in colour at *JXB* online.)](erx21903){#F3}

Among the seven DEGs in 2 daa fruitlets ([Fig. 3](#F3){ref-type="fig"}), four transcripts belong to categories encoding proteins functioning in the cell wall, signalling, biotic stress, and lipid metabolism, with a further three transcripts encoding proteins of unknown function ([Table 3](#T3){ref-type="table"}). The four DEGs of known function encode a pectin esterase, a leucine-rich repeat (LRR) receptor-like serine/threonine-protein kinase, a resistance (R) protein containing a nucleotide binding site and leucine-rich repeat (NBS-IRR) domains, and cyclopropane-fatty-acyl-phospholipid synthase. Expression levels of six DEGs decreased in 2 daa fruitlets of *SlINVINH1*-RNAi compared with WT fruitlets, except for transcript levels of a gene encoding an R protein which increased in 2 daa fruitlets of *SlINVINH1*-RNAi compared with WT fruitlets ([Table 3](#T3){ref-type="table"}).

###### 

*Differentially expressed genes in 2 daa fruitlets in response to elevated CWIN activity of* SlINVINH1*-RNAi compared with wild type fruitlets*

LRR: leucine-rich repeat; NBS-IRR: nucleotide binding site-leucine-rich repeat domains.

  Functional category   Gene locus         Annotation                                          Log ~2~ FC
  --------------------- ------------------ --------------------------------------------------- ------------
  Cell wall             solyc01g091050.2   Pectin esterase                                     −1.53
  Signalling            solyc06g008270.2   LRR receptor-like serine/threonine-protein kinase   −1.89
  Biotic stress         solyc02g032650.2   Resistance protein, NBS-IRR                         1.50
  Lipid metabolism      solyc09g090500.2   Cyclopropane-fatty-acyl-phospholipid synthase       −2.41
  Unknown               solyc12g062200.1   Unknown protein                                     −5.91
  Unknown               solyc07g007040.2   Zinc finger CCCH type with G patch                  −1.24
  Not assigned          solyc07g062500.2   Cytochrome P450                                     −1.11

For the 319 DEGs detected in the genotypic comparison of 2 dba ovaries (see [Supplementary Table S5](#sup5){ref-type="supplementary-material"}), a functional categorization analysis revealed that DEGs encoded proteins primarily functioning in protein (BIN 29), hormone (BIN 17), RNA (BIN 27), stress (BIN 20), signalling (BIN 30), and cell wall (BIN 10) ([Table 4](#T4){ref-type="table"}). Since ovaries, not fruitlets, were the primary organ responsive to elevated CWIN activity in the *SlINVINH1*-RNAi plants, we focused our subsequent analyses on 2 dba ovaries in order to gain further insights into the DEGs regulated by increases in CWIN activity.

###### 

*Functional classification of differentially expressed genes in 2 dba ovaries of* SlINVINH1*-RNAi compared with those of wild type (WT) plants*

Differentially expressed genes were ascribed to 36 bins in MAPMAN (Thimm *et al.*, 2004). Some genes might be allocated to multiple different bins.

  Functional category                     Ovary (*SlINVINH1*-RNAi/ WT)   
  --------------------------------------- ------------------------------ ------
  Protein (BIN 29)                        37                             11.6
  Hormone metabolism (BIN 17)             23                             7.2
  RNA (BIN 27)                            20                             6.3
  Stress (BIN 20)                         18                             5.6
  Signalling (BIN 30)                     14                             4.4
  Cell wall (BIN 10)                      13                             4.1
  Development (BIN 33)                    11                             3.5
  Transport (BIN 34)                      11                             3.5
  Cell (BIN 31)                           9                              2.8
  Secondary metabolism (BIN 16)           7                              2.2
  Lipid metabolism (BIN 11)               5                              1.5
  DNA (BIN 28)                            4                              1.3
  Sucrose and starch metabolism (BIN 2)   3                              0.9
  Photosynthesis (BIN 1)                  2                              0.6
  Others^*a*^                             10                             3.1
  Unknown (BIN 35 and BIN 26)             147                            46.1
  Total                                   319                            

^*a*^Others include BIN 6 (gluconeogenesis/ glycosylate cycle), BIN 8 (TCA), BIN13 (amino acid metabolism), BIN 19 (tetrapyrrole synthesis), BIN 21 (redox), BIN 22 (polyamine metabolism), and BIN23 (nucleotide metabolism).

Protein degradation-related genes were largely repressed in ovaries of *SlINVINH1*-RNAi plants in response to elevated CWIN activity {#s13}
------------------------------------------------------------------------------------------------------------------------------------

We detected 24 DEGs involved in protein degradation in ovaries of *SlINVINH1*-RNAi compared with WT plants ([Table 5](#T5){ref-type="table"}). These DEGs encode various proteases including subtilases, members of the subtilisin-like serine protease family ([@CIT0061]). All six DEGs encoding subtilisin-like proteases exhibited decreased transcript levels in ovaries of *SlINVINH1*-RNAi compared with WT plants. However, DEGs encoding cysteine protease, aspartate protease, and serine protease proteins, as well as those involved in the ubiquitin--proteasome pathways, exhibited either up- or down- regulation ([Table 5](#T5){ref-type="table"}). Overall \~70% (16 out of 24) of DEGs encoding proteins functioning in protein degradation exhibited a decreased expression in ovaries of *SlINVINH1*-RNAi compared with those of WT plants, indicating that protein degradation may be repressed in ovaries of *SlINVINH1*-RNAi compared with WT ovaries ([Table 5](#T5){ref-type="table"}).

###### 

Differentially expressed genes in ovaries of *SlINVINH1*-RNAi compared with those of wild type plants

  Functional category            Gene locus           Annotation                                          Log ~2~ FC
  ------------------------------ -------------------- --------------------------------------------------- ------------
  **Protein**                                                                                             
  Protein degradation            solyc09g083120.2.1   Peptidase S9                                        −1.03
                                 solyc09g083130.2.1   Peptidase S9                                        −0.61
                                 solyc05g052130.2.1   Metacaspase                                         −2.11
  Subtilases                     solyc04g078740.2.1   Subtilisin-like protease                            −0.92
                                 solyc02g092670.1.1   Subtilisin-like protease                            −0.66
                                 solyc12g088760.1.1   Subtilisin-like protease                            −0.90
                                 solyc01g087740.1.1   Subtilisin-like protease                            −0.89
                                 solyc01g087780.2.1   Subtilisin-like protease                            −1.00
                                 solyc01g087790.2.1   Subtilisin-like protease                            −1.35
  Cysteine protease              solyc07g041920.2.1   Cathepsin L-like cysteine proteinase                0.72
  Aspartate protease             solyc02g032940.2.1   Aspartic proteinase                                 −0.50
                                 solyc03g005280.2.1   Aspartic proteinase 2                               0.84
                                 solyc03g058400.2.1   Aspartyl protease family                            0.81
  Serine protease                solyc02g082720.2.1   Serine protease                                     1.24
                                 solyc01g087970.2.1   Serine carboxypeptidase 1                           −1.30
                                 solyc03g026080.2.1   Rhomboid family protein                             −1.28
                                 solyc05g050770.2.1   Serine carboxypeptidase 1                           −0.91
  Ubiquitin.E2                   solyc06g070980.2.1   Ubiquitin-conjugating enzyme E2 2                   0.58
  Ubiquitin.E3.RING              solyc12g015800.1.1   RING finger family protein                          −0.82
                                 solyc10g008410.1.1   RING finger protein 5                               1.05
                                 solyc07g020870.1.1   U-box domain-containing protein                     0.75
                                 solyc12g088360.1.1   U-box domain-containing protein 4                   −0.69
                                 solyc09g008430.2.1   CHY zinc finger family protein expressed            −0.97
  Ubiquitin. proteasome          solyc10g054040.1.1   26S protease regulatory subunit                     2.43
  **Ethylene**                                                                                            
  Ethylene synthesis             solyc01g067620.2.1   ACC oxidase                                         1.22
                                 solyc02g071500.2.1   ACC oxidase 1                                       0.67
                                 solyc04g009850.2.1   ACC oxidase-like                                    2.52
                                 solyc04g009860.2.1   ACC oxidase-like                                    1.16
                                 solyc06g068270.2.1   ACC oxidase 1                                       −1.30
  Ethylene signal transduction   solyc11g011740.1.1   ERF2                                                2.83
  AP2/EREBP family               solyc03g114440.1.1   ERF3 (PR transcriptional factor)                    2.26
                                 solyc07g054220.1.1   ERF2a (PR transcriptional factor)                   0.78
  **R protein**                                                                                           
                                 solyc04g012010.2.1   CC-NBS-IRR                                          1.30
                                 solyc02g070730.1.1   CC-NBS-IRR                                          1.34
                                 solyc07g005770.2.1   CC-NBS-lRR                                          −0.80
                                 solyc07g039410.2.1   NBS-IRR                                             0.82
                                 solyc02g032650.2.1   NBS-IRR                                             0.76
                                 solyc01g008800.1.1   TIR-NBS-IRR                                         1.19
  **PR protein**                                                                                          
                                 solyc02g082920.2.1   Endochitinase                                       0.74
                                 solyc10g074440.1.1   Endochitinase                                       −1.97
  **Cell wall**                                                                                           
  Cell wall synthase             solyc07g051820.2.1   Cellulose synthase-like                             1.29
                                 solyc12g015770.1.1   Cellulose synthase-like                             0.54
  Cell wall degradation          solyc05g005080.2.1   Endo-1,4-β-glucanase                                −0.51
                                 solyc05g052530.1.1   Endoglucanase 1                                     −1.07
                                 solyc11g044910.1.1   β-Xylosidase 1                                      −0.76
                                 solyc12g013770.1.1   Mannan endo-1,4-β-mannosidase                       −1.20
  Cell wall modification         solyc06g049050.2.1   Expansin                                            −1.00
                                 solyc02g091920.2.1   Xyloglucan endotransglucosylase/hydrolase 2         −2.02
                                 solyc05g047590.2.1   Pectinesterase                                      1.37
                                 solyc08g075020.2.1   Pectinacetylesterase like protein                   −0.71
                                 solyc08g074950.1.1   Pectinacetylesterase                                −0.87
                                 solyc08g074990.1.1   Pectinacetylesterase                                −1.26
                                 solyc08g014380.1.1   Pectinacetylesterase                                0.74
  **Signalling**                                                                                          
  Receptor like kinase           solyc08g016210.2.1   LRR receptor-like serine/threonine-protein          −1.12
                                 solyc01g005760.2.1   LRR receptor-like serine/threonine-protein kinase   −1.19
                                 solyc01g005870.1.1   LRR receptor-like serine/threonine-protein kinase   −0.78
                                 solyc01g005720.2.1   LRR receptor-like serine/threonine-protein kinase   −1.46
                                 solyc04g008400.1.1   Serine/threonine-protein kinase receptor            −1.44
                                 solyc04g077270.2.1   Serine/threonine kinase receptor                    −2.63
                                 solyc04g074000.2.1   Receptor like kinase                                −2.29
                                 solyc02g071800.2.1   Receptor like kinase                                −0.55
                                 solyc05g056370.2.1   Receptor like kinase                                −0.50
                                 solyc11g011880.1.1   Receptor like kinase                                0.55
                                 solyc12g008500.1.1   Receptor like kinase                                1.22
  Cytoplasmic kinase             solyc05g056370.2.1   Receptor-like kinase                                −0.50
                                 solyc10g005300.2.1   Serine/threonine protein kinase                     −1.72
  Small GTPase signal            solyc02g077400.2.1   Small GTPase (ROP)                                  −0.91
  **Cell cycle**                                                                                          
                                 solyc04g081650.2.1   Cyclin B2                                           0.55
                                 solyc04g081660.2.1   Cyclin B2                                           0.53

Expression of hormone-related genes in ovaries of *SlINVINH1*-RNAi plants in response to elevated CWIN activity {#s14}
---------------------------------------------------------------------------------------------------------------

Considering the important roles hormones play in fruit set ([@CIT0010]), and sugar-hormone interactions ([@CIT0031]; [@CIT0028]), we closely examined hormone-related transcripts.

During fruit set in WT plants, genes involved in auxin, GA, and ethylene metabolism and signalling are among the top three 'hormones' gene classes, representing 27%, 17%, and 17% of the total hormone-related genes respectively ([Fig. 4](#F4){ref-type="fig"}). A similar expression profile was found in the *SlINVINH1*-RNAi plants, with genes involved in ethylene synthesis and signalling ranked the third most important hormone class in terms of DEG numbers ([Fig. 4](#F4){ref-type="fig"}). These findings indicate that ethylene may also be an important player during fruit set, in parallel to the two well-known players, auxin and GA.

![Percentages of expressed genes involved in hormone metabolism during fruit set. The numbers of differentially expressed genes involved in each hormone class expressed as percentages of the total numbers differentially expressed genes involved in hormone metabolism in fruit set in wild type plants (A) and *SlINVINH1*-RNAi plants (B). (This figure is available in colour at *JXB* online.)](erx21904){#F4}

The last step of the ethylene biosynthetic pathway, 1-aminocyclopropane-1-carboxylate oxidase (ACC oxidase) catalyses the conversion of aminocyclopropane-1-carboxylate (ACC) to ethylene ([@CIT0075]). During WT fruit set, expression levels of four DEGs encoding ACC oxidase proteins decreased while the other 15 DEGs increased in 2 daa fruitlets compared with 2 dba ovaries ([Table 6](#T6){ref-type="table"}). Similarly, in the *SlINVINH1*-RNAi plants, four ACC oxidase transcript levels decreased whereas nine transcript levels increased in 2 daa fruitlets compared with 2 dba ovaries ([Table 6](#T6){ref-type="table"}). The results suggest that ethylene synthesis capacity may be higher in 2 daa fruitlets than 2 dba ovaries in both WT and *SlINVINH1*-RNAi plants. Compared with WT ovaries, four ACC oxidase transcripts exhibited up-regulation with one down-regulated in ovaries of *SlINVINH1*-RNAi plants ([Table 6](#T6){ref-type="table"}), suggesting that ethylene synthesis may be enhanced in the CWIN-elevated ovaries.

###### 

Numbers of differentially expressed genes encoding 1-aminocyclopropane-1-carboxylate oxidase proteins

  Group                                         Up-regulated   Down-regulated
  --------------------------------------------- -------------- ----------------
  WT fruitlet *vs* WT ovaries                   15             4
  *SlINVINH1*-RNAi fruitlet *vs* RNAi ovaries   9              4
  *SlINVINH1*-RNAi ovaries *vs* WT ovaries      4              1

In addition to ethylene synthesis genes, expression of a gene encoding an ethylene response factor (ERF) was up-regulated 2.83-fold in *SlINVINH1*-RNAi ovaries compared with WT ovaries ([Table 5](#T5){ref-type="table"}). Transcripts encoding ERF3 and ERF2a were also up-regulated by 2.26- and 0.78-fold, respectively, in 2 dba ovaries of *SlINVINH1*-RNAi compared with those of WT plants. These two ERFs are annotated as pathogenesis-related (PR) transcriptional factors ([Table 5](#T5){ref-type="table"}), which belong to the APETALA2/ethylene-responsive element binding protein family, and have been demonstrated to be able to bind to the promoters of several PR genes ([@CIT0062]). The increased expression of most transcripts encoding ACC oxidase proteins and up-regulation of three *ERFs* imply that ethylene production and sensitivity to ethylene are most likely higher in 2 dba ovaries of *SlINVINH1*-RNAi compared with those of WT plants.

Defence related R genes were up-regulated in ovaries of *SlINVINH1*-RNAi plants in response to elevated CWIN activity {#s15}
---------------------------------------------------------------------------------------------------------------------

CWIN is involved in stress responses, including biotic stress ([@CIT0053]) and abiotic stress ([@CIT0039]; [@CIT0033]). During biotic stress, R genes encoding proteins containing NBS-IRR domains are often expressed to interact with pathogen effector proteins. Plants have evolved hundreds of R genes to defend themselves against pathogens by activating defence response, including PR gene expression ([@CIT0029]). In this section, we focus on the expression of stress-related genes, R and PR gene, during fruit set and their response to elevated CWIN activity.

Five out of six DEGs encoding R proteins were up-regulated in 2 dba ovaries of *SlINVINH1*-RNAi compared with those of WT plants ([Table 5](#T5){ref-type="table"}). Among them, three R genes contain Toll/interleukin-1 receptor (TIR) motif with one R gene containing the coiled-coil (CC) motif in the N-terminal region; the other two R genes may lack the N-terminal motif ([Table 5](#T5){ref-type="table"}). Apart from the R genes, expression of two genes encoding endochitinase were altered in 2 dba ovaries of *SlINVINH1*-RNAi compared with WT plants ([Table 5](#T5){ref-type="table"}). Endochitinase belongs to the PR protein family ([@CIT0013]). Together, elevated CWIN activity not only enhanced expression of R genes but also altered the expression of a PR gene in 2 dba ovaries of *SlINVINH1*-RNAi plants compared with those of WT plants.

Cell wall-related genes in ovaries of *SlINVINH1*-RNAi plants in response to elevated CWIN activity {#s16}
---------------------------------------------------------------------------------------------------

Cell wall metabolism has been well studied in the later stages of fruit development, namely, ripening and senescence ([@CIT0005]), but not in the early fruit set stage. Cell walls not only provide mechanical support to plants but also function as protective barriers against pathogen attack and a pathway for apoplasmic transport of resources including water, ions, and sugars ([@CIT0049]).

There were 13 DEGs encoding proteins involved in cell wall metabolism in 2 dba ovaries of *SlINVINH1*-RNAi compared with WT plants ([Table 5](#T5){ref-type="table"}), including cellulose synthase, endo-1,4-β-glucanase, β-xylosidase, xyloglucan endotransglucosylase/hydrolase 2, pectin esterase, pectin acetylesteresteras, and expansin ([Table 5](#T5){ref-type="table"}). The expression changes in these cell wall-related genes indicated that cell wall metabolism was affected in response to elevated CWIN activity in 2 dba ovaries of *SlINVINH1*-RNAi compared with those of WT plants.

RLK-related genes were largely down-regulated in ovaries of *SlINVINH1*-RNAi plants in response to elevated CWIN activity {#s17}
-------------------------------------------------------------------------------------------------------------------------

Signalling-related genes also were targeted in our analyses, since Glc or Fru produced from CWIN activity in the extracellular space may be sensed by as yet unidentified receptors on the plasma membranes to trigger downstream signal transduction ([@CIT0053]).

There were 13 DEGs encoding RLK proteins, with 11 exhibiting decreased expression levels in 2 dba ovaries of *SlINVINH1*-RNAi compared with those in WT plants. These included two DEGs encoding cytoplasmic RLKs, which also exhibited reduced expression in the transgenic ovaries ([Table 5](#T5){ref-type="table"}). Unlike other RLKs, which are predicted to localize to the plasma membrane, these two receptor-like cytoplasmic kinases lack an extracellular domain, leading to their cytoplasmic localization ([@CIT0001]). Interestingly, expression of a small GTPase gene (Rho of plants; ROP) also was down-regulated in the *SlINVINH1*-RNAi ovaries compared with WT ([Table 5](#T5){ref-type="table"}).

Cell cycle genes were generally up-regulated in ovaries of *SlINVINH1*-RNAi plants in response to elevated CWIN activity {#s18}
------------------------------------------------------------------------------------------------------------------------

Fruit set is characterized by intensive cell division ([@CIT0052]), a process stimulated by Glc signalling that could originate from CWIN activity ([@CIT0072]). Therefore, we examined expression of cell division-related genes to see how they responded to elevated CWIN activity. We identified two DEGs encoding cyclin B2 in 2 dba ovaries of *SlINVINH1*-RNAi plants ([Table 5](#T5){ref-type="table"}), which were up-regulated in 2 dba ovaries of *SlINVINH1*-RNAi compared with that in WT plants ([Table 5](#T5){ref-type="table"}).

Validation of RNA-seq data by qRT-PCR {#s19}
-------------------------------------

To validate the RNA-seq data, we selected six DEGs from [Table 5](#T5){ref-type="table"} for qRT-PCR measurements of their respective transcripts from 2 dba ovaries of the RNAi and WT plants. The analyses revealed that all the six genes exhibited the same trends in their RNA fold changes between the two genotypes measured by both methods. We noticed that the fold changes measured by qRT-PCR were generally lower than that from RNA-seq analyses, probably owing to the differences in the sensitivity and specificity between the two approaches ([@CIT0016]). Importantly, the regression coefficient between the two datasets is 0.7144 (see [Supplementary Fig. S2](#sup2){ref-type="supplementary-material"}), which is within the range of reported correlations between RNA-seq and qRT-PCR results (e.g. [@CIT0074]). Together, the findings indicate the reliability of our RNA-seq data.

Primary metabolite profiling during fruit set {#s20}
---------------------------------------------

To understand how the CWIN-mediated changes in transcript profiling as described above may impact on metabolism during fruit set, we undertook a metabolomic analysis for the same set of samples used for RNAseq. In total, 55 metabolites were measured and these were subdivided into four groups: (i) amino acids; (ii) sugars and sugar alcohols; (iii) organic acids; and (iv) miscellaneous ([Table 7](#T7){ref-type="table"}). Specifically, 24 amino acids, 16 sugars and sugar alcohols, 12 organic acids and three miscellaneous metabolites were detected.

###### 

*Primary metabolites levels in ovary (2 dba) and fruitlets (2 daa) of the wild type (WT) and* SlINVINH1*-RNAi line*

Data are normalized to mean values of the wild type ovaries (2 dba). Values are means±SE of three replicates. Bold values indicate significant differences by Student's *t*-test (*P*\<0.01) of the WT fruitlets (2 daa) and *SlINVINH1*-RNAi line compared with the WT ovary (2 dba). Asterisk indicates significant differences by Student's *t*-test (*P*\<0.01) of the *SlINVINH1*-RNAi line fruitlets (2 daa) in comparison with the same line at ovary stage (2 dba).

  Metabolite                            WT ovaries (2 dba)   WT fruitlets (2 daa)   *SlINVINH1*-RNAi ovaries (2 dba)   *SlINVINH1*-RNAi fruitlets (2 daa)
  ------------------------------------- -------------------- ---------------------- ---------------------------------- ------------------------------------
  Amino acids                                                                                                          
   Alanine                              1 ± 0.14             1.40 ± 0.19            0.84 ± 0.15                        0.98 ± 0.03
   Alanine, β                           1 ± 0.10             1.02 ± 0.00            0.97 ± 0.19                        0.88 ± 0.185
   Aspartic acid                        1 ± 0.07             1.00 ± 0.22            1.03 ± 0.20                        0.74 ± 0.03
   Arginine                             1 ± 0.05             0.98 ± 0.05            0.95 ± 0.05                        0.95 ± 0.11
   Asparagine                           1 ± 0.13             0.92 ± 0.09            1.17 ± 0.10                        1.02 ± 0.12\*
   GABA                                 1 ± 0.11             1.31 ± 0.16            0.87 ± 0.05                        1.22 ± 0.15
   Glutamine                            1 ± 0.05             1.02 ± 0.08            0.94 ± 0.05                        1.05 ± 0.04\*
   Glutamic acid                        1 ± 0.04             1.02 ± 0.06            0.95 ± 0.04                        0.96 ± 0.04
   Glycine                              1 ± 0.15             1.10 ± 0.06            0.71 ± 0.03                        **0.84 ± 0.02\***
   Histidine                            1 ± 0.13             **1.74 ± 0.02**        0.87 ± 0.01                        **1.29 ± 0.16\***
   Isoleucine                           1 ± 0.04             0.97 ± 0.11            **0.65 ± 0.09**                    0.79 ± 0.11
   Lysine                               1 ± 0.11             1.15 ± 0.09            0.82 ± 0.09                        0.96 ± 0.08
   Methionine                           1 ± 0.24             **2.40 ± 0.16**        0.79 ± 0.13                        1.87 ± 0.23\*
   Ornithine                            1 ± 0.13             1.30 ± 0.06            0.70 ± 0.01                        **0.99 ± 0.04\***
   Phenylalanine                        1 ± 0.16             **1.60 ± 0.16**        0.64 ± 0.05                        1.45 ± 0.14\*
   Proline                              1 ± 0.22             **2.46 ± 0.31**        0.70 ± 0.11                        2.60 ± 0.10\*
   Proline, 4-hydroxy                   1 ± 0.08             **3.11 ± 0.12**        0.96 ± 0.06                        3.02 ± 0.18\*
   Pyroglutamic acid                    1 ± 0.08             1.03 ± 0.04            0.99 ± 0.02                        0.91 ± 0.04\*
   Serine                               1 ± 0.10             1.01 ± 0.04            0.84 ± 0.07                        **0.77 ± 0.03**
   Threonine                            1 ± 0.14             1.09 ± 0.08            0.79 ± 0.11                        0.80 ± 0.09
   Tryptophan                           1 ± 0.08             **0.52 ± 0.03**        **0.74 ± 0.05**                    **0.39 ± 0.03\***
   Tyramine                             1 ± 0.08             0.85 ± 0.03            0.96 ± 0.03                        **1.13 ± 0.02\***
   Tyrosine                             1 ± 0.14             **1.49 ± 0.05**        0.89 ± 0.06                        1.40 ± 0.05\*
   Valine                               1 ± 0.07             1.40 ± 0.16            0.70 ± 0.12                        1.11 ± 0.15
  Sugars and sugar alcohols                                                                                            
   Fructose                             1 ± 0.03             **0.52 ± 0.05**        **0.68 ± 0.04**                    0.63 ± 0.06
   Fructose-6-P                         1 ± 0.10             **1.97 ± 0.07**        0.91 ± 0.05                        1.80 ± 0.14\*
   Fucose                               1 ± 0.04             **0.38 ± 0.03**        **0.67 ± 0.08**                    0.36 ± 0.01\*
   Glucose                              1 ± 0.08             0.88 ± 0.14            0.88 ± 0.02                        0.78 ± 0.04\*
   Glucose-6-P                          1 ± 0.05             **1.70 ± 0.11**        0.95 ± 0.04                        1.39 ± 0.11\*
   Glycerol                             1 ± 0.13             0.80 ± 0.05            0.89 ± 0.05                        0.69 ± 0.07\*
   Inositol, *myo*-                     1 ± 0.03             0.95 ± 0.04            0.99 ± 0.03                        0.90 ± 0.02\*
   Isomaltose                           1 ± 0.05             1.10 ± 0.02            **0.61 ± 0.06**                    **0.54 ± 0.10**
   Maltitol                             1 ± 0.03             0.81 ± 0.13            0.85 ± 0.06                        0.98 ± 0.17
   Maltose                              1 ± 0.01             **1.44 ± 0.04**        1.02 ± 0.01                        **1.17 ± 0.06\***
   Maltotriose                          1 ± 0.21             **6.17 ± 0.81**        1.02 ± 0.19                        **2.83 ± 0.44\***
   Sucrose                              1 ± 0.01             1.04 ± 0.03            0.95 ± 0.07                        1.06 ± 0.04
   Trehalose                            1 ± 0.03             1.22 ± 0.10            0.93 ± 0.04                        1.02 ± 0.15
   Raffinose                            1 ± 0.06             1.13 ± 0.19            1.06 ± 0.07                        1.31 ± 0.05\*
   Rhamnose                             1 ± 0.05             0.97 ± 0.09            0.93 ± 0.02                        0.92 ± 0.05
   Galactinol                           1 ± 0.06             0.88 ± 0.01            0.93 ± 0.01                        0.90 ± 0.06
  Organic acids                                                                                                        
   Citric acid                          1 ± 0.03             1.04 ± 0.01            0.98 ± 0.04                        **0.98 ± 0.01**
   Fumaric acid                         1 ± 0.03             0.85 ± 0.07            0.89 ± 0.08                        0.91 ± 0.08
   Galactonic acid                      1 ± 0.15             1.03 ± 0.04            0.71 ± 0.07                        **0.80 ± 0.07**
   Glucuronic acid                      1 ± 0.11             **2.18 ± 0.17**        **1.57 ± 0.07**                    **1.13 ± 0.09\***
   Glyceric acid                        1 ± 0.18             0.72 ± 0.06            0.65 ± 0.05                        0.72 ± 0.14
   Nicotinic acid                       1 ± 0.08             **1.90 ± 0.07**        0.79 ± 0.06                        1.92 ± 0.19\*
   Malic acid                           1 ± 0.07             **1.34 ± 0.04**        1.22 ± 0.10                        1.24 ± 0.09
   Pyruvic acid                         1 ± 0.09             **1.38 ± 0.02**        1.34 ± 0.19                        1.53 ± 0.12
   Quinic acid                          1 ± 0.13             0.92 ± 0.08            1.31 ± 0.141                       0.95 ± 0.19
   Quinic acid, 3-caffeoyl-, *cis*-     1 ± 0.30             **6.21 ± 0.84**        1.22 ± 0.32                        6.04 ± 0.88\*
   Quinic acid, 3-caffeoyl-, *trans*-   1 ± 0.02             0.98 ± 0.01            1.00 ± 0.04                        0.95 ± 0.03
   Succinic acid                        1 ± 0.14             **0.42 ± 0.08**        **0.55 ± 0.01**                    0.42 ± 0.03\*
  Miscellaneous                                                                                                        
   Phosphoric acid                      1 ± 0.05             1.07 ± 0.01            1.05 ± 0.04                        1.09 ± 0.04
   Nicotinamide                         1 ± 0.05             **1.50 ± 0.09**        **0.61 ± 0.03**                    **1.13 ± 0.11\***
   Putrescine                           1 ± 0.15             0.60 ± 0.03            0.76 ± 0.02                        0.65 ± 0.04\*

Among the 24 amino acids, 22 exhibited slightly reduced levels in ovaries of the RNAi plants compared with those in the WT, although only two, isoleucine and tryptophan, showed a statistically significant decrease ([Table 7](#T7){ref-type="table"}). During the ovary-to-fruitlet transition, six amino acids were significantly increased in WT plants with a similar trend observed for the transgenic plants. Noticeably, levels of methionine, the precursor for ethylene biosynthesis, were doubled during the ovary-to-fruit transition in both genotypes ([Table 7](#T7){ref-type="table"}).

For the sugar and sugar alcohol group, most members did not show significant changes in the RNAi ovaries compared with those of the WT, except for fructose, fucose, and isomaltulose, which exhibited significant reductions ([Table 7](#T7){ref-type="table"}). Interestingly, both G-6-P and F-6-P exhibited significantly increased levels across the ovary-to-fruit transition in both WT and *SlINVINH1*-RNAi plants but without being effected by elevated CWIN activity in the transgenic ovaries ([Table 7](#T7){ref-type="table"}).

Other metabolites exhibiting significantly increased levels in both genotypes during the ovary-to-fruit transition included maltotriose, succinic acid, nicotinamide, nicotinic acid, and glucuronic acid. Among these metabolites it is interesting to note that the levels of glucuronic acid, succinic acid, and nicotinamide were significantly increased in the CWIN-elevated transgenic ovaries and fruitlets as compared with their respective WT counterparts ([Table 7](#T7){ref-type="table"}).

Principal component analyses of transcriptome and metabolome data {#s21}
-----------------------------------------------------------------

Principal component analyses (PCA) of transcriptome and metabolome data allowed clear visualization of differences between developmental stages of fruit set and genotypes studied. Each point represented the transcriptome or metabolome of the different samples, in a two-dimensional plot. At the ovary stage, where we observed significant transcriptomic shifts in response to elevation of CWIN ([Fig. 3](#F3){ref-type="fig"}), both transcriptome and metabolome were clearly separated between the CWIN-elevated and WT plants ([Table 7](#T7){ref-type="table"}). At the fruitlet stage (2 daa), however, transcriptome differences could not be distinguished between the two genotypes. By contrast, they separated well into two distinct clusters using the metabolomics data ([Fig. 5](#F5){ref-type="fig"}). We attribute this finding to differences in CWIN activity being more discriminative at the metabolomic compared with the transcriptomic level and to metabolic changes preceding changes at the transcriptional level in the fruitlets. A similar phenomenon was also observed in the study of [@CIT0070] who compared auxin response factor IAA9 in transgenic and WT tomato plants and found that the difference in the metabolomic data is more discriminative than that in the transcriptomic data in their comparisons.

![Principal component analyses (PCA) of transcripts and metabolites during fruit set. (A) PCA of the transcriptome data. Two developmental stages were well separated. Discrimination of WT from *SlINVINH1*-RNAi ovaries was detected. However, differences between two genotypes at the fruitlet stage could not be distinguished. (B) PCA of the primary metabolite data. The two developmental stages and two genotypes were both well separated. Three biological replicates were included in both transcriptome and metabolome analyses. (This figure is available in colour at *JXB* online.)](erx21905){#F5}

Discussion {#s22}
==========

Ovaries are transcriptionally far more sensitive to elevated CWIN activity than fruitlets: ready to set {#s23}
-------------------------------------------------------------------------------------------------------

Upon fertilization, tomato ovaries develop into fruitlets. However, the molecular pathways responsible for ovary-to-fruit transition and how they respond to metabolic or biochemical changes remain largely unknown. Our analyses revealed that only seven transcripts exhibited changed levels in response to elevated CWIN activity at the fruitlet stage. By contrast, 319 transcripts were differentially expressed in ovaries of *SlINVINH1*-RNAi (CWIN activity elevated) compared with WT ovaries ([Fig. 3](#F3){ref-type="fig"}), a 45-fold increase in the number of DEGs compared with the fruitlet stage. These findings indicate that ovaries undergo a much more complex regulation in response to elevated CWIN activity at the mRNA level than fruitlets, in order to ensure successful pollination and fertilization.

To the best of our knowledge, this is the first report illustrating that ovaries were much more responsive to elevated CWIN activity compared with fruitlets. Indeed, there are no studies reporting that the ovary is more sensitive to changes in gene expression compared with fruitlets. With this information, we focused on the ovary stage for detailed comparative analyses. In broad terms, this finding is in agreement with our 'Ready--Set--Growth' model of fruit set, in which significant molecular and biochemical changes are proposed to take place in the ovary preceding transition to the fruitlet stage upon fertilization ([@CIT0055]; [@CIT0049]). Consistently, a recent study showed that a group of CWIN and VIN genes in maternal reproductive tissues of tobacco flowers were induced by pollination ([@CIT0014]).

Elevation of CWIN activity increased the expression of genes for defence against pathogens {#s24}
------------------------------------------------------------------------------------------

During fruit set in WT plants, expression levels of most genes encoding R proteins involved in pathogen resistance were higher in 2 dba ovaries than that in 2 daa fruitlets (see [Supplementary Table S2](#sup2){ref-type="supplementary-material"}). [@CIT0068] found that expression of genes encoding defence-related proteins decreased from 3 dba ovaries to 3 daa fruitlets in tomato. Our observation, together with that reported by ([@CIT0068]), indicates that ovaries are likely to be under a default active state against potential pathogen attack, probably as a mechanism to protect the critical transition from ovules to seeds and ovaries to fruitlets. The higher expression levels of R genes in 2 dba ovaries compared with 2 daa fruitlets in WT plants ([Table 5](#T5){ref-type="table"}) also suggests that ovaries are more prone to pathogen attack than fruitlets. Indeed, ovaries are often under attack by many pathogenic fungi, some of which can directly penetrate ovary walls ([@CIT0043]). In addition, tomato fruit can be infected by pathogens such as *Xanthomonas campestris* pv. *vesicatoria*, which causes a serious disease ([@CIT0046]). The R gene-mediated pathway could contribute a broad spectrum of resistance, including resistance against *X. c. vesicatoria* ([@CIT0046]).

Six R genes and two PR genes were responsive to elevated CWIN activity in 2 dba ovaries of *SlINVINH1*-RNAi in comparison with those in WT plants ([Table 5](#T5){ref-type="table"}). Among them, five R genes exhibited up-regulated expression in transgenic ovaries with one PR gene up- and one down-regulated. These findings indicated that elevation of CWIN activity enhanced overall R gene expression in ovaries, and hence the potential of the transgenic ovaries to defend against pathogen attack. PR gene expression is part of the R gene-mediated defence reaction in plants ([@CIT0029]). Enhanced PR gene expression by expression of invertases has been reported previously ([@CIT0019]; [@CIT0063]; [@CIT0064]).

How CWIN activity induces expression of PR genes remains unclear. In this context, transgenic tobacco plants expressing a yeast-derived CWIN or VIN gene developed necrotic lesions in source leaves, typical of a hypersensitive responses (HR) symptom, with three transcripts (*PR-Q*, *PAR1*, *PR-1b*) encoding PR proteins accumulated in the transgenic tobacco leaves ([@CIT0019], [@CIT0020]). Similar observations have been made recently in source leaves of pepper ([@CIT0063]) and rice ([@CIT0064]). These authors proposed that invertase-mediated sugars induced PR gene expression via the secretory pathway through which CWIN and VIN proteins are targeted to the cell wall matrix and vacuoles, respectively. Indeed, CWINs are also considered as PR proteins in their own right ([@CIT0051]). These studies, however, did not report induction of R genes by increased CWIN activity ([@CIT0067]; [@CIT0019]). Our data indicate that the CWIN induces or enhances R gene expression, leading to activation of PR genes.

There are a few partners in the R-gene-mediated pathway for resistance to pathogen infection. One of them is cytoplasmic serine/threonine kinase. In addition to the increased R gene expression in 2 dba ovaries of *SlINVINH1*-RNAi compared with WT ovaries ([Table 5](#T5){ref-type="table"}), we also found two DEGs encoding cytoplasmic serine/threonine kinases in the *SlINVINH1*-RNAi ovaries ([Table 5](#T5){ref-type="table"}). A typical example of the interaction of cytoplasmic serine/threonine kinase and R protein is the Prf--Pto complex in tomato pathogen recognition ([@CIT0044]). *Prf* is an *R* gene, containing a leucine-rich repeat and nucleotide-binding site motif ([@CIT0057]), with the encoded R protein localized to the cytoplasm ([@CIT0017]). *Pto* encodes serine/threonine protein kinase without an extracellular domain, also located in the cytoplasm ([@CIT0037]; [@CIT0057]). Pto can bind directly to the N-terminus of Prf *in vivo* ([@CIT0042]). However, the exact mechanism of how the Prf--Pto complex works in recognizing effectors secreted by pathogens is unknown ([@CIT0045]). Identification of two DEGs encoding cytoplasmic serine/threonine kinases in the CWIN-elevated tomato ovaries provided an opportunity to examine how alterations in Suc catabolism and signalling may modulate their interaction with R proteins to respond to pathogen infection in tomato.

ERFs, such as Pto-interacting 4 (pti4), are regarded as another partner of the Prf--Pto complex ([@CIT0073]). An ERF physically interacts with Pto and activates PR gene expression ([@CIT0080]; [@CIT0007]). The two ERFs in our study were annotated as PR transcriptional factors, and thus may represent other partners in the R-gene mediated pathway.

ROP, a small GTP-binding protein, is also considered to be involved in interaction with the Prf--Pto complex and has a role in ROS production, leading to the HR reaction ([@CIT0026]). Interestingly, a ROP gene was down-regulated in *SlINVINH1*-RNAi compared with WT ovaries ([Table 5](#T5){ref-type="table"}). Apart from its role in HR response, ROP functions as a signalling switch that controls a wide variety of cellular functions including cell division, cell differentiation, cell morphogenesis ([@CIT0076]; [@CIT0041]), and plant defence responses ([@CIT0002]; [@CIT0066]; [@CIT0060]). The down-regulation of ROP gene expression in tomato ovaries in response to elevated CWIN activity indicates that CWIN may regulate fruit set by affecting a broad array of cellular development pathways.

Together, the above findings provide opportunities to further study the molecular mechanisms by which CWIN-mediated sugar signalling regulates pathogen resistance in ovaries and fruits through the R-gene mediated pathway, which may involve the expression and function of cytoplasmic serine/threonine kinase, PR ERFs and ROP.

Attention was also given to the possible trade-off for nutrients and energy between plant defence and development ([@CIT0040]; [@CIT0021]). Here, levels of most amino acids displayed a slight reduction in 2 dba ovaries of the CWIN-elevated plants compared with those of WT with the difference being statistically significant for isoleucine and tryptophan ([Table 7](#T7){ref-type="table"}). The reduced size of the free amino acid pool may be derived from decreased expression of protein degradation genes in the transgenic ovaries ([Table 5](#T5){ref-type="table"}). Alternatively, it may be indicative of enhanced protein synthesis including that for the R proteins since amino acids are building blocks for protein synthesis. The protein content was indeed increased in 10-day-old seeds of *SlINVINH1*-RNAi plants compared with WT plants ([@CIT0025]). Protein synthesis consumes substantial metabolic energy derived from Glc, which might have impacted fruit development. However, fruit set was not affected under optimal condition and was enhanced under heat stress in *SlINVINH1*-RNAi plants compared with WT plants ([@CIT0034]), indicating that the energy status was not adversely affected in transgenic ovaries or fruitlets. To this end, expression of most protein degradation-related genes were down-regulated in 2 dba ovaries of *SlINVINH1*-RNA compared with WT ovaries ([Table 5](#T5){ref-type="table"}). This indicates a prolonged protein turnover rate, which would save metabolic energy for synthesis of new proteins including those for defence-related functions in the CWIN-elevated ovaries to increase their defence capacity for fruit set. Synergistically, enhanced CWIN activity also improved fruit set under long term moderate heat stress ([@CIT0034]). Thus, elevation of CWIN activity appears to enhance the defence capability of ovaries and fruitlets against both biotic and abiotic stress.

Elevation of CWIN activity repressed photosynthesis-related genes during ovary-to-fruitlet transition {#s25}
-----------------------------------------------------------------------------------------------------

During ovary-to-fruit transition, we found that the CWIN-elevated plants exhibited decreased transcript levels of a large number of photosynthetic genes controlling both light and dark reactions as compared with the same ovary-to-fruit transition stage in WT plants ([Table 2](#T2){ref-type="table"}). Consistently, the transgenic fruits displayed a lighter colour late in development ([Fig. 2](#F2){ref-type="fig"}). Repression of photosynthesis genes by expressing a yeast-derived invertase in the apoplast has been reported in mature leaves of tobacco and potato ([@CIT0018]). The effect is thought to be caused by a feedback inhibition of Suc export from source leaves ([@CIT0067]; [@CIT0012]) due to Suc being hydrolysed by CWIN into Glc and Fru, which cannot be loaded into phloem for translocation to sinks organs ([@CIT0067]). Moreover, high levels of Glc, could inhibit photosynthesis directly though sugar signalling ([@CIT0024]; [@CIT0058]). With higher CWIN activity in the transgenic ovaries and fruitlets, extra Glc is likely to be released from Suc hydrolysis in their apoplasms, which may repress photosynthesis through a feedback system. Physiologically, enhanced assimilate import observed in the RNAi fruit ([@CIT0034]) may make it unnecessary for fruit to produce extra carbon via photosynthesis. Indeed, a study in which chlorophyll production was down-regulated in tomato revealed that fruit photosynthesis was non-essential for normal fruit function but required for seed set ([@CIT0036]).

Elevation of CWIN activity enhanced expression of ethylene synthesis and cell cycle genes {#s26}
-----------------------------------------------------------------------------------------

Genes involved in ethylene synthesis and signalling were ranked third within the hormone-related gene category in terms of number of DEGs after auxin- and GA-related genes expressed during ovary-to-fruit transition ([Fig. 4](#F4){ref-type="fig"}). Previous studies also found that expression of ethylene-related genes was among the most altered across of all hormone-related genes during tomato fruit set ([@CIT0068]; [@CIT0070]). Auxin and GA are well-recognized hormones during fruit set ([@CIT0015]; [@CIT0010]). Ethylene may play an antagonistic role to auxin and GA ([@CIT0068]. It is suggested to be an activator for fruit set of zucchini squash ([@CIT0038]) and tomato ([@CIT0059]). Studies in orchids revealed that ethylene is also required for ovary development and ovule differentiation together with auxin ([@CIT0079]).

During fruit set, expression of most members of the ethylene synthesis genes, including ACC oxidase, was up-regulated in 2 daa fruitlets compared with 2 dba ovaries in WT and *SlINVINH1*-RNAi plants ([Table 6](#T6){ref-type="table"}). Consistently, levels of methionine, the precursor of ethylene, more than doubled in fruitlets compared with ovaries in both genotypes ([Table 7](#T7){ref-type="table"}), indicating positive roles played by ethylene for tomato fruit set. Interestingly, previous transcriptome studies found that mRNA levels of ethylene biosynthesis and signalling genes decreased in 4 daa fruitlets as compared with tomato ovaries at 2 dba ([@CIT0070]) and at 0 dba ([@CIT0050]). These authors compared gene expression profiles of ovaries with 4 daa fruitlets, 2 d older than the 2 daa fruitlets used in our study. The discrepancy in the expression changes of ethylene synthesis and perception genes between our work and those reported by [@CIT0070] and [@CIT0050] likely comes from the different developmental stages at which the samples were harvested and analysed. Recently, ethylene production rate was measured directly by gas chromatography in pistils during tomato fruit set from 2 dba to 4 daa ([@CIT0059]). However, the pistil is the entire female organ, which could mask the molecular and biochemical status of the ovaries.

In most species, pollination is accompanied by an increase in ethylene production in the stigma and style hours after pollination and there is a burst of ethylene soon after fertilization ([@CIT0047]; [@CIT0032]). The up-regulated expression of ethylene synthesis genes during fruit set observed in our study might reflect a short ethylene burst following fertilization. On the other hand, since tomato petals and styles start to senescence soon after fertilization, an increased expression of genes encoding the ACC oxidase enzyme in ovaries ([Table 6](#T6){ref-type="table"}) may increase ethylene levels, which could induce senescence of petals and styles ([@CIT0035]).

In the 2 dba ovaries, we found that four of five genes encoding ACC oxidase increased their mRNA levels in CWIN-elevated plants ([Table 5](#T5){ref-type="table"}). The up-regulated expression of these genes by increased CWIN activity may contribute to ovule and ovary development in tomato. Consistent with this proposition, silencing ACC oxidase inhibited tobacco ovule development ([@CIT0011]) and enhanced expression of *ACC* genes has been observed in ovaries during their developmental progression to anthesis in tomato ([@CIT0068]).

It is also noteworthy that expression of two *cyclin B2* genes were up-regulated in 2 dba ovaries of *SlINVINH1*- RNAi compared with WT ovaries ([Table 5](#T5){ref-type="table"}). CWIN-mediated release of hexose plays a role in cell division in seed and fruit development ([@CIT0008]; [@CIT0052], [@CIT0053]). The B-type cyclins are mitotic cyclins that mediate progression of cells into and out of mitosis ([@CIT0022]). Overexpression of *cycb2;2* in rice promoted root growth by increasing cell number ([@CIT0030]). *Cycb2;2* has been recently reported to function in establishing rice grain size and yield ([@CIT0023]) and cell wall formation in mitotic cells of maize endosperm ([@CIT0056]). Thus, up-regulated expression of two *cyclinB* genes in tomato ovaries by elevated CWIN activity may stimulate the cell cycle during fruit set.

A model of CWIN mediating fruit set {#s27}
-----------------------------------

Based on the above analyses, we propose a model for how CWIN may regulate fruit set ([Fig. 6](#F6){ref-type="fig"}). Here the Glc and Fru produced from CWIN activity in the extracellular space could be (i) sensed by an unknown Glc sensor located on the plasma membrane (PM) to regulate gene expression and (ii) be taken up by the hexose transporter into the cytosol for metabolism or sugar signalling ([@CIT0054], [@CIT0052]; [@CIT0053]). Elevation of CWIN activity up-regulates expression of genes encoding proteins involved in defense (R genes), protein synthesis, cell cycle, and cell wall biosynthesis/remodelling, but down-regulates photosynthesis genes and receptor-like kinase (RLK) in ovaries of *SlINVINH1*-RNAi compared with WT plants. The genes encoding proteins functioning in cell wall biosynthesis/remodelling may cause changes in cell wall components, which may be sensed by RLK located on the plasma membrane to regulate gene expression through a small GTPase (ROP) pathway. Together, the model provides insights into the molecular pathways by which CWIN positively regulates fruit set.

![A model of how CWIN-mediated sugar signalling may regulate fruit set. See Discussion for more details. Arrows indicate genes involved in the specified process that were up-regulated (red) or down-regulated (green) by elevated CWIN activity. Solid line indicates known pathway; dashed line indicates predicted pathways.](erx21906){#F6}
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Supplementary data are available at *JXB* online.

Fig. S1. Invertase activities in 2 dba ovaries and 2 daa fruitlets in the *SlINVINH1*-RNAi plants as compared with the WT.

Fig. S2. Validation of RNA-seq data by qRT-PCR.

Table S1. Primers used for qRT-PCR analyses.

Table S2. A total of 5183 differentially expressed genes in wild type at fruit set

Table S3. A total of 3262 differentially expressed genes during fruit set of *SlINVINH1*-RNAi plants.

Table S4. A total of 497 differentially expressed genes in *SlINVINH1*-RNAi fruit set in response to elevated CWIN activity compared with wild type fruit set.

Table S5. A total of 319 differentially expressed genes in ovaries of *SlINVINH1*-RNAi compared with those of wild type plants.

Supplementary Material
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

We thank Australia Research Council for funding support (ARC DP110104931 and DP120104148) and Dr Qiongyi Zhao for assistance in analysing the RNA seq data. LR gratefully acknowledges scholarship support from the Chinese Scholarship Council and the University of Newcastle. Sonia Osorio was supported by Ministerio de Ciencia e Innovación and University of Malaga (Spain) through the grant Ramón and Cajal program (RYC-09170).

[^1]: Current address: Departamento de Biología Molecular y Bioquímica, Instituto de Hortofruticultura Subtropical y Mediterranea (IHSM), Universidad de Málaga-Consejo Superior de Investigaciones Científicas, Málaga, Spain.

[^2]: Current address: School of Biological Science, University of Tasmania, Hobart, TAS 7000, Australia.
